The ability to change directions while walking is an integral component of adaptive locomotor behavior. Patients with hip osteoarthritis (OA) experience prolonged hip dysfunction. Gait compensation adopted by the patients with hip OA may become more pronounced while they turn.
Introduction
Patients with hip osteoarthritis (OA) experience prolonged pain, limited joint range of motion, and muscle weakness. Previously conducted studies have analyzed the kinematic and kinetic adaptations during walking in patients with hip OA and compared them with those in healthy individuals; the patients commonly show decreased walking speed, step and stride length, hip joint motion, and hip muscle moment and power [1] [2] [3] [4] [5] . However, all of these findings were associated with gait characteristics in patients with hip OA during straight walking.
Changing direction of travel while walking is essential for functional mobility and is a common occurrence in activities of daily living [6] . It is an integral component of adaptive locomotor behavior. When changing direction, the body's center of mass must be controlled in the mediolateral plane and the body has to be reoriented to the direction of the intended travel [7] . Commonly, the step turn and crossover turn (also known as spin turn) are used for changing direction while walking [8, 9] . As for the hip joint, in comparison to straight walking, the step turn required increased hip abduction angle and the crossover turn required increased hip abduction and internal rotation moments especially during late stance [10, 11] . Therefore, the underlying movement strategy of the patients with hip OA, which is not apparent during straight walking, may become more pronounced while they turn, and an analysis of this turning strategy would provide clarification regarding the strategy used by the patients during daily activities. However, to the best of our knowledge, no studies have examined the strategy used by patients with hip OA while turning. Therefore, the primary purpose of this study was to identify the movement strategy of patients with hip OA during locomotion by examining the strategy adopted while turning and straight walking. Furthermore, it is unclear whether the movement pattern used by patients contributes to maintenance of their functional activity level.
Therefore, a secondary purpose of this study was to examine the relationship between the turning strategy while walking and the functional score.
Methods

Patients
Fourteen female patients with hip OA (OA group: age, 59.3 ± 5.3 years; body weight, 53.3 ± 9.1 kg; height, 153.3 ± 5.5 cm; mean ± SD) and 13 female age-matched controls (control group: age, 62.6 ± 4.4 years; body weight, 50.6 ± 5.3 kg; height, 152.7 ± 4.9 cm) were recruited for this study.
The mean Harris hip score (HHS; total 100 points, < 70 poor) of the OA group was 61.1 ± 10.5
points. All the patients had end-stage hip OA and were scheduled total hip arthroplasty within 1 month at the time of recruitment. Patients were excluded from the study if they had a musculoskeletal condition other than hip OA or if they had been diagnosed with neurological disorders. Patients with a leg length discrepancy greater than 20 mm were also excluded, as it can impair the patient's walking ability significantly [12] . All of the control participants were free from orthopedic and neurological abnormalities. All the participants provided informed consent, and the protocol was approved by the local ethics committee.
Testing protocol
The testing protocol consisted of straight barefoot walking and turning while walking. During the straight walking trials, the participants were asked to walk straight along a 7-m travel path.
During the turning trials, the participants were asked to walk straight until the halfway point of the travel path and then make a turn of 45° to the right or left (Fig. 1) . Previous studies have employed turning angles from 20° to 90° to identify the turning strategy [7] [8] [9] [10] [11] [13] [14] [15] [16] [17] [18] ; we selected a turning angle of 45° to ensure that the task was of moderate intensity, thereby minimizing the physical load on the patients. For the OA group, the affected side was in contact with the force plate at the initiation of the turn, and the patients were asked to step with their unaffected side toward the outside (step turn) or the inside across the affected side (crossover turn). The non-dominant side was in contact with the force plate at the initiation of the turn for the control group. The direction of travel was indicated by a colored tape placed on the floor; however, the foot progression angle, while grounded on the force plate, was self-selected. The OA group was asked to walk at a self-selected speed. The control group was asked to walk at a self-selected speed and at an adjusted slow speed to compensate for the expected differences in the walking speed between the 2 groups. Participants were given several practice trials. The start position was adjusted so that the participants could step on the force plate appropriately. The trials were deleted if the foot was contacted out of the force plate or if the opposite leg was in contact with the force plate. The experimental conditions of the walking and turning trials were presented in random order, and 3 successful trials were recorded for subsequent analysis.
Gait analysis
The kinematic and kinetic measurements were recorded using a 7-camera Vicon motion system (Vicon Nexus; Vicon Motion Systems Ltd. Oxford, England) at a sampling rate of 200 Hz and a 4th
order Butterworth low-pass filter with a 6 Hz cutoff, and using force plates (Kistler Japan Co., Ltd.
Tokyo, Japan) at a sampling rate of 1000 Hz and a low-pass filter (20 Hz). Reflective markers were attached to the body according to the Vicon Plug-in-Gait marker placement protocol (lower body) by a single investigator. Sixteen markers were placed bilaterally, on the anterior superior iliac spine, posterior superior iliac spine, lateral thigh, lateral femoral epicondyle, lateral shank, lateral malleolus, second metatarsal head, and calcaneus.
The Vicon clinical manager software was used to calculate the following gait variables: walking speed, peak joint angle, and peak internal joint moment at the hip joint in the sagittal and frontal planes, and at the knee and ankle joints in the sagittal plane during the stance phase. For the ankle plantarflexion moment, each peak value for the first and the second halves of the stance phase was calculated. The joint moments were normalized by body weight and leg length. Furthermore, the foot progression angle, which is the angle between the sagittal laboratory axis and foot longitudinal axis (joining the center of the ankle joint and marker of the second metatarsal head), was measured during the stance phase. For the foot progression angle, the mean angle and the amount of change in the angle during the stance phase were calculated. We analyzed these gait variables for the affected side of the participants in the OA group and for the non-dominant side of the participants in the control group. The mean values from the 3 trials for each of the 3 sessions were used for analysis.
Statistical analysis
The SPSS version 19.0 (IBM Japan Ltd.) was used for statistical analysis. The Shapiro-Wilk test was used to determine whether datasets followed a normal distribution. According to the results of the normality test, the unpaired t test or Mann-Whitney's U test was used to determine whether there were significant differences in the gait variables between the 2 groups for each walking condition. If a significant difference was noted in the gait speed between the 2 groups in each walking condition, we chose the trials with a slow speed for the controls, in the order of the gait speed from the fastest participant, for a comparison of the gait variables between the 2 groups using the speed-matched trials. The gait variables were compared when the difference in the walking speed was no longer found to be significant. Furthermore, when significant difference was identified in the knee or ankle joint moments during turning in the OA group in comparison to the control group, the relationship between the rate of change of the knee or ankle joint moments during turning compared with that during straight walking and the functional point in the HHS (gait and ADL; max, 47 points) was examined using the Spearman rank-correlation coefficient. Statistical differences were defined as significant at the α = 0.05 level. Table 1 shows the temporal, kinematic, and kinetic variables of both groups for the 3 walking conditions. The OA group walked at significantly slower speeds compared with the control group during the straight walk, although there was no significant difference in the walking speed between the groups during the step and crossover turns. When walking at a slow speed was adopted for the 2 fastest individuals and analyzed, no significant difference was found between the walking speeds of the 2 groups. Consequently, we were able to compare the kinematic and kinetic data between the 2 groups.
Results
Comparison between the OA and control groups
During straight walking, the OA group showed significantly decreased hip flexion, hip extension, hip adduction, and knee flexion angles, and significantly smaller hip flexion, hip extension, and knee flexion moments compared with the control group. There were no significant differences in the angles and moments of the ankle joint between the 2 groups.
During the step turn, the hip flexion, extension, and abduction angles, and the hip flexion moment and knee flexion moment were decreased significantly in the OA group compared with the control group. Though not statistically significant, it should be noted that the ankle plantarflexion moment during the first half of the stance phase tended to increase in the OA group.
During the crossover turn, the patients had decreased hip flexion, hip extension, hip adduction, and knee flexion angles, and decreased hip abduction moment. The knee extension moment in late stance was significantly increased in the OA group; however, the values were relatively small through the walking and turning. Meanwhile, the ankle plantarflexion moment during the first half of the stance phase was significantly increased by approximately 25% in the OA group compared with the control group (Fig. 2) .
The OA group showed significantly greater foot progression angle with more toe-out foot placement during straight walking and the crossover turn. The amount of change in the foot progression angle during the stance phase was also significantly increased in the OA group during the crossover turn.
Relationship between the compensatory increase of knee or ankle joint moment and the functional point in the Harris hip score
The OA group showed a significant increase in the knee extension moment in late stance and ankle plantarflexion moment in the first half of the stance phase during the crossover turn, although there was no increase in knee and ankle moments during the step turn. Therefore, correlation coefficients were subsequently computed to examine the relationship between the increasing rate of the knee and ankle moments in the crossover turn compared with that during the straight walking and functional point in the HHS. Although there was no significant relationship between the increasing rate of the knee moment and functional point in the HHS (Fig. 3 , ρ = 0.16, p = 0.60), the increasing rate of the ankle plantarflexion moment in the first half of the stance phase was significantly correlated with the functional point in the HHS (Fig. 3 , ρ = 0.54, p < 0.05); that is, functional level was higher in the patients who could generate a greater ankle plantarflexion moment during turning than during straight walking.
Discussion
The primary finding of this study was that the ankle plantarflexion moment in the first half of the stance phase increased with the increase in amount of change in the foot progression angle during stance phase in the OA group, especially during crossover turning. We also found that the increase in the rate of the ankle plantarflexion moment during the crossover turn compared with that during straight walking was related to a high functional level as evaluated by the HHS.
The results of our straight walking test were consistent with those of previous studies, with respect to decreased hip motion and hip moments in patients with hip OA compared with those in healthy individuals [1] [2] [3] [4] [5] . On the other hand, during turning, the OA group showed decreased hip abduction angle in the step turn and hip adduction angle in the crossover turn, as well as decreased hip flexion and extension angle. This indicates that the turning strategy generated by the expansion of the hip motion toward the stepping direction is modified in patients with hip OA. Meanwhile, the OA group also showed a tendency for increased ankle plantarflexion moment during turning. The ankle plantarflexor and hip flexor strategies have been considered to contribute to forward progression of the leg into the swing phase and to stabilization and forward progression of the body in the late stance [19] . It has been demonstrated in simulated and clinical studies that dysfunction of the hip joint (e.g., reduced hip flexor power generation and increased hip joint stiffness) leads to compensatory mechanisms by the ankle plantarflexor and vice versa [20] [21] [22] [23] . However, based on the data obtained in this study, the OA group showed greater ankle plantarflexion moment even in the first half of the stance phase, especially during the crossover turn. Since the action of the ankle plantarflexors during the first half of stance phase decelerates the body [24] , it is unlikely that an increased ankle plantarflexion moment from the early stance phase in the OA group contributes to progression of the body.
The OA group showed more toe-out foot placement in the crossover turn, and showed toe-in foot placement in the step turn which was comparable with the controls despite the greater toe-out angle during the straight walking. These findings suggest that patients with hip OA adjust their foot position toward the direction of travel before contacting the ground at the initiation of the turn to reduce the physical demand during turning. Furthermore, the OA group showed a large amount of change in the foot angle during the stance phase of the crossover turn in comparison to the control group. It indicates that the patients used the crossover turn in combination with a pivot turn: that is, the body is raised up onto the forefoot, where rotation occurs on the ball of the foot, and pivoted toward the intended direction. The pivot turn enables changing direction with less range of hip motion than the usual crossover turn, whereas the pivot turn required greater ankle plantarflexion moment than the step and crossover turn [10] . Therefore, in this study, increased ankle plantarflexor moment and increased change in the foot progression angle during the stance phase are related to each other. Previously conducted studies have found that, 40% of healthy young individuals used the pivot turn rather than the crossover turn when changing direction at 90°, although the prevalence of the pivot turn in turning at 45° has not been investigated [10] . Patients with hip OA would adopt the strategy depending on the ankle plantarflexor not only to progress the body and leg in the late stance but also to change the direction in compensation for the hip dysfunction. The crossover turn requires greater hip joint motion and muscle strength compared with the step turn [10] . Thus, the compensatory strategy would become more pronounced during the crossover turn than during the step turn. This turning strategy of the OA group during walking might be related to the previous finding that there was no difference in the cross-sectional area of the ankle plantarflexors between the affected and non-affected sides in patients with hip OA, although hip muscles and thigh muscles were atrophied on the affected side [25] .
It is noteworthy that the patients with hip OA who could raise the ankle plantarflexion moment during the crossover turn had a higher functional score in HHS. This suggests that the compensatory strategy of increasing the ankle plantarflexion moment according to the demands of the task is effective against lowering the functional activity level. Patients with hip OA are less physically active compared with healthy individuals [26] , and avoidance of activity is a significant risk factor for future functional decline [27] . Therefore, it is important not to lower the activity level despite the hip dysfunction in patients with hip OA. Our findings might provide clinicians with information for selection of the appropriate therapeutic strategy for conservative treatment in patients with hip OA.
It is important to mention the limitations of this study. We did not calculate the joint angles and moments in the transverse plane. However, the joint range of motion, joint moment, and power in the transverse plane were relatively small while turning [11] . In addition, a previously conducted study showed that transtibial amputees rely primarily on sagittal plane hip joint work to turn, whereas non-amputees rely primarily on ankle work in the sagittal plane and hip joint work in the frontal plane [28] . Therefore, the functions of the hip joint in the sagittal and frontal planes and the ankle joint in the sagittal plane would assume a primary role in the turning strategy. Another limitation was that only the turns with landing on the affected side were analyzed for the OA group. However, patients with hip OA could perform turns with landing on the non-affected side as an anticipatory compensation during activities of daily living. Finally, since this was cross-sectional study, we did not determine whether an increased ankle plantarflexion moment during walking contributes to the improvement of the patient's functional level. Further research is necessary to examine the effects of gait modification on functional improvement in patients with hip OA.
We conclude that patients with hip OA rely primarily on the ankle plantarflexors to compensate for the hip dysfunction while changing direction during walking. Increasing the ankle plantarflexion moment during turning is important essentially for the functional level to not be lowered in patients with hip OA. Understanding the turning strategies during walking will provide insight into the physical therapy appropriate for preservation of the hip joint and for improvement of locomotor function in patients with hip OA. Table 1 Gait variables of the OA group and control group during straight walking, 45° step turn, and 45° crossover turn * The walking task at a slow speed was adopted for 2 control participants to compensate for the difference in self-selected walking speed between the 2 groups. † Comparison by using Mann-Whitney's U test. ‡ Positive value indicates foot angle of toe-out placement. § Significant difference between the OA and control groups Footprints of participants during straight walking, step turn at a 45° angle, and crossover turn at a 45° angle. The affected side of the patients and non-dominant side of the controls was in contact with the force plate at initiation of the turn (black foot). Fig. 2 . Averaging waveform of the ankle plantarflexion moment in the stance phase during a crossover turn in the control group (dashed line) and the OA group (solid line). 
